A new azimuthally stable polarimetric technique processing microscopic images of optically anisotropic structures of biological tissues histological sections is proposed. It has been used as a generalized model of phase anisotropy definition of biological tissues by using superposition of Mueller matrices of linear birefringence and optical activity. The matrix element 44 has been chosen as the main information parameter, whose value is independent of the rotation angle of both sample and probing beam polarization plane. For the first time, the technique of concerted spatial-frequency filtration has been used in order to separate the manifestation of linear birefringence and optical activity. Thereupon, the method of azimuthally stable spatial-frequency cartography of biological tissues histological sections has been elaborated. As the analyzing tool, complex statistic, correlation, and fractal analysis of coordinate distributions of 44 element has been performed. The possibility of using the biopsy of the uterine wall tissue in order to differentiate benign (fibromyoma) and malignant (adenocarcinoma) conditions has been estimated.
Introduction
The state of the art in medical science demands from the experts not only certain practical skills but also knowledge of general pathologic processes, their nomenclature and definitions, causes, pathogenesis, and results as well as their importance for human. The pathologic processes on a cellular and tissue level can be detected by means of light microscope.
Samples preparation for microscopic investigations is a complex process that involves degradation of image quality of histological samples. In order to overcome the problems connected with image deformation (artifacts), the high professionalism and complex chore are necessary for results correction. The usage of computing for the mentioned tasks allows facilitating the work with medical images.
The methods and algorithms of objects isolation in the microscopic images-segmentation of histological objects in grayscale and color images-are mainly developing at present time. The algorithms of segmentation of extended (vessels, fibers) and areal (cells and their structures) objects are being elaborated [1] [2] [3] [4] [5] [6] [7] [8] .
A new medical-physical method, namely, laser polarimetry of biological tissues histological sections, becomes an extension and an addition to the techniques of microscopic images structure processing [9] [10] [11] . The background of such method consists in measurements of coordinate distributions of polarization states (polarization maps) in the plane of microscopic images of biological tissues histological sections. Such method allows obtaining a new, inaccessible measurement for histological and mathematical methods of analysis and information about optical anisotropy (linear and circular birefringence [11] ) of nonuniformly scaled structural elements of different biological objects. At the same time, a complex analysis of the polarization maps of a tissue specimen is azimuthally dependent on the probing beam polarization plane and sample rotation angle. Such a condition complicates using such a method during the comparative investigations of groups of histological sections with different pathologies.
Thus, further progress of laser polarimetry may be connected with the development of azimuthally stable methods of direct measurement of the parameters of linear and circular birefringences.
The solution of this task is the use of Mueller-matrix cartography with the so-called rotational invariants. The Mueller 2 International Journal of Optics matrix elements 44 (Θ) = const appear to be azimuthally stable and sample rotation angle (Θ) independent [12] [13] [14] [15] .
It has been determined that, in the case of optically thin (attenuation coefficient ≤ 0.1) layers, the 44 (Θ) value is preferably defined by phase anisotropy mechanisms-linear and circular birefringences [16] .
The separation of such mechanisms ( 44 ⇒ (
-linear
44 -circular )) is possible with the help of spatialfrequency Fourier selection [17] .
Our research is aimed at designing the experimental method of azimuthally stable Fourier polarimetry and spatial-frequency selection of parameter distributions of linear and circular birefringences of the biopsy of the uterine wall tissue in order to differentiate benign (fibromyoma) and malignant (adenocarcinoma) conditions.
The Theory of Method
The following model concepts have been assumed [9] [10] [11] by us as the basis for an analysis of the processes of modulation of laser radiation by the polycrystalline network of biological crystals with linear and circular birefringences: From the medical point of view, "optical separation" of the polarization manifestations of linear and circular birefringences of optical anisotropic layers of the uterine wall is the topical task.
The fact is that, at the initial, early stages, the pathological changes in the human organism are accompanied by a concentration increase of optically active proteins in case of the generalized preservation of the morphological macrostructures of polycrystalline protein network of the myometrium and endometrium [16, 17] .
Fibrillar structural changes-the formation of the growth direction of tumors shoots and so on-correspond to a more developed pathological condition.
With the purpose of a selection of such conditions, we have applied the method of spatial-frequency filtration of the polarization inhomogeneous field of laser radiation in Fourier plane [18, 19] .
The main idea of such approach is that spatial-frequency structure of Fourier form of laser image of the tissue of the uterine wall is different for its large-scale (myosin) and smallscale (collagen) protein structures. Proceeding from this, using spatial-frequency filtration, it is mainly possible to isolate either low-frequency (with linear birefringence) or highfrequency (with circular birefringence) components, which by means of Fourier conversion transform into, respectively, "separated" laser images. Behind the Fourier focal plane, the vignetting diaphragm was located; its size changed within the range of 2 pix to 300 pix. Polarization microobjective 8 (focal distance-30 mm, aperture-0.1, and magnification-4x) was located at the focal length forming the frequency plane of lens 7 and, thus, performed inverse Fourier transform of a filtered image outside the polarization field of laser radiation. The coordinate distribution of intensity of such fields, polarizationally filtered by quarter-wave plate 9 and polarizer 10, was registered in the plane of CCD-camera 11 (the Imaging Source DMK 41AU02.AS, monochrome 1/2 CCD, Sony ICX205AL (progressive scan); resolution-1280×960; light sensitive area size-7600 × 6200 m; sensitivity-0.05 lx; dynamic range-8 bit; SNR-9 bit, deviation of photosensitive characteristics from linear no more than 15%). It provided the range of measuring the structural elements of polycrystalline network with the resolution of 2-2000 m.
Optical Realization of Spatial Frequency of Fourier Selection of the Uterine Tissue Optical Anisotropy of Protein Networks
The matrix element 44 was calculated for each probing beam within every pixel ( × ) as follows:
Here, ⊗;0;90 ⊗ and ⊗;0;90 ⊕ are the intensities of spatialfrequency filtered image (⊗; ⊕) for each polarization states of probing beams (⊗; 0 ∘ ; 90 ∘ ). In order to get a quantitative estimation of coordinate distributions ( × ) ≡ 44 , we have used, as in the case of traditional laser polarimetry [9-11, 16, 17] , three mutually complementary techniques of mathematical analysis, namely, statistic, autocorrelation, and fractal. We have calculated a set of statistical moments of the 1st-4th orders =1;2;3;4 using the following algorithms:
The obtained data characterizes the histogram of the element 44 of optically anisotropic structures in the plane of histological section.
The method of autocorrelation with the use of function was assumed as the basis of an analysis of the coordinate structure of distributions ( × )
Here, (Δ = 1 pix) is the step of changing the coordinates ( = 1⋅⋅⋅ ) of a distribution of a set of polarization distributions ( ) for a specific th horizontal line of the pixel digital camera. The resultant expression for the autocorrelation function is obtained by averaging expression (3) along all
The obtained dependency characterizes the coordinate interconnection between the optically anisotropic structures in the plane of histological section.
We have selected correlation moments 2 and 4 that determine a distribution and the excess of the autocorrelation function (Δ ) as quantitative parameters that characterize autocorrelation dependences (Δ ).
A fractal analysis of ( × ) distributions was performed using a calculation of logarithmic dependences log ( )−log ] for the power spectra ( ) with following evaluation of dispersion.
Dependences log ( ) − log ] are approximated using the least-squares method into curves ( ) and are classified in such a way:
(i) ( × ) are fractal on condition that the value of the slope is constant = constant for 2-3 decades of a change of sizes ;
(ii) ( × ) are multifractal, on condition of the presence of several slopes in ( );
(iii) ( × ) are random, in case of the absence of stable slopes ( ) over the whole range of a change sizes .
The obtained results characterize the scale self-similarity of the distribution of optically anisotropic structures in the plane of histological section.
Experimental Results and Discussion
As objects of investigation, we chose two groups of opticallythin (attenuation coefficient ≈ 0.087-0.098), single scattered histological sections of the biopsy of benign (16 samples) and malignant (14 samples) tumors of the uterus.
The samples were prepared on a freezing microtome, using a standard technique. From the optical point of view, such samples characterized by transformation of polarization without depolarization.
The conventional microscopic images of the samples of both groups are presented in Figure 2 .
As it can be seen from Figure 2 , the coordinate and scale structures of such conventional microscopic images are similar. This fact considerably complicates the histological differentiation of benign and malignant states of uterus tissue.
Spatial-Frequency Fourier Polarimetry of Linear Birefringence of the Fibrillar Matrices of the Uterine Tissue.
For the purpose of choosing the optimal conditions of spatialfrequency filtration, the following range Δ = 2 pix-50 pix of possible sizes of the vignetting diaphragm was used.
The criterion for diaphragm size choosing is a simultaneous change of the set of statistic moments =1;2;3;4 (4) of 44 . In our case, the optimal size was Δ = 30 pix. Such geometric size was chosen for comparative investigations of optical anisotropy of the fibrillar networks of the uterine tissue with benign and malignant changes, which characterize coordinate distributions of rotational invariant 44 ( , )- Figure 3 . A comparative analysis of aggregate parameters that characterize matrix maps 44 ( , ) of linear birefringence of large-scale optically anisotropic fibrillar networks of the uterine tissue samples revealed some discrepancies between them. Namely, the main extrema of histograms of the distributions of random matrix maps, 44 ( , ) values for histological sections of both types are localized in different areas. Thus, the most probable value is 44 ( , ) ∼ 0.2 for a benign tumor (Figure 3(b) ), for a malignant one it is 44 ( , ) ∼ 0.8 (Figure 3(f) ). The revealed peculiarity, in our opinion, is connected with a more developed structure of newly formed fibers of malignant tumor than with benign fibromyoma of the similar optical anisotropic network.
Dependences of autocorrelation functions (Δ ) (4) of 44 ( , ) distribution of both uterine tissue samples smoothly and monotonously, (Figure 3 , fragments (c) and (g)) indicate a coordinately homogeneous structure of the corresponding matrix maps formed by the mechanisms of linear birefringence of myosin fibrils. Besid such maps, Quantitative differences between matrix maps 44 ( , ) of the protein matrices of the uterine tissue of both types illustrate average values and standard deviations of the set of statistic =1;2;3;4 , correlative ( =2;4 ), and fractal ( ) parameters, illustrated in Table 1 . Also, let us introduce the specificity parameter Sp = ( + ) −1 ( , -the number of the correct and incorrect diagnoses within a group) in differentiation of benign and malignant uterine tumors.
A comparative analysis of the data of laser-frequency Fourier-polarimetry of linear birefringence of protein polycrystalline networks of histological section of benign and malignant uterine tumors biopsy revealed sensibility to a differentiation of such states of all statistic moments of the 1st through the 4th orders with specificity level Sp ∼ 60%-77% (printed in bold in Table 1 ).
Spatial-Frequency Fourier Polarimetry of Circular Birefringence of the Fibrillar Networks of Uterine
Tissue. Diagnostic possibilities of differentiating of pathologically changed samples of the uterine tissue, using the method of highfrequency spatial-frequency Fourier-domain-polarimetry of circular birefringence employing opaque filter illustrates probable (fragments (b), (f)), autocorrelation (fragments (c), (g)), and spectral (fragments (d), (h)) dependences of matrix maps 44 ( ) (fragments (a), (e)), adduced in a series in Figure 4 .
On comparing the findings about the structure of the distributions of circular birefringence index (Figure 4 , fragments (a) and (e)) under the conditions of high frequency Quantitative differences between matrix maps 44 ( ) of circular birefringence of polycrystalline collagenous networks of the endometrium with pathology of both types illustrate average values and standard deviations of statistic set =1;2;3;4 , correlative ( =2;4 ), and fractal ( ) parameters, presented in Table 2 .
A comparative analysis revealed the following oncologic condition, with a high level of specificity (72% ≤ Sp ≤ 87%) of uterus parameters (printed in bold in Table 2 ): (i) statistic moments of the 1st and the 2nd orders ( × ); differences between values are from 2 to 3, 5 times;
(ii) correlation moments of the 4th order of the autocorrelation function of distributions 44 ( ); differences between the values reach 2 times;
(iii) transformation of multifractal distributions 44 ( ) into fractal ones.
Conclusions
A model of generalized optic anisotropy of the fibrillar protein matrices has been suggested, and the method of Fourier polarimetry for the parameters of linear (phase shift between orthogonal components of the laser wave amplitude) and circular (the rotation angle of the polarization plane) birefringences of the tissue biopsy of the uterine wall a spatial frequency selection of such coordinate distributions for a differentiation of benign (fibromyoma) and malignant (adenocarcinoma) conditions has been substantiated. A set of criteria for a polarization-phase differentiation of benign (fibromyoma) and malignant (adenocarcinoma) conditions of the uterine has been revealed and substantiated as follows:
(i) statistical moments of the 1st-4th order which characterize a distribution of azimuthally stable matrix element 44 ( , ), stipulated by linear birefringence of myosin fibrils of the endometrium layer;
(ii) statistical moments of the 1st-4th orders which characterize a distribution of azimuthally stable matrix element 44 ( ), stipulated by circular birefringence of the network of collagenous fibrils of the endometrium layer;
(iii) correlation moments of the 4th order, which characterize autocorrelation functions of the distributions for 44 ( ), stipulated by circular birefringence of the network of collagenous fibrils;
(iv) a slope change of approximate curve of log-log dependency for the power spectra of distribution of 44 ( , ) and 44 ( ) transformed by optical anisotropic protein matrices.
